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Ternary mixed metal oxide coatings with the nominal composition IrxRu(0.6x)Ti0.4O2 (x¼0, 0.1, 0.2, 0.3) on the titanium substrate were prepared by
thermal decomposition of a chloride precursor mixture. Surface morphology and microstructure of the coatings were investigated by Scanning electron
microscopy (SEM), Field emission scanning electron microscopy (FE-SEM) and X-ray diffraction (XRD) analysis. Systematic study of electrochemical
properties of these coatings was performed by cyclic voltammetry (CV) and polarization measurements. The corrosion behavior of the coatings was
evaluated under accelerated conditions (j¼2 A cm2) in acidic electrolyte. The role of iridium oxide admixture in the change of electrocatalytic activity
and stability of Ru0.6Ti0.4O2 coating was discussed. Small addition of IrO2 can improve the stability of the RuO2þTiO2 mixed oxide, while the
electrocatalytic activity for oxygen evolution reaction (OER) is decreased. The shift of redox potentials for Ru0.6Ti0.4O2 electrode that is slightly
activated with IrO2 and improvement in the stability can be attributed to the synergetic effect of mixed oxide formation.
& 2014 Chinese Materials Research Society. Production and hosting by Elsevier B.V. All rights reserved.
Keywords: Coating; Electrocatalyst; Electrode; Oxygen evolution; Ruthenium oxide; Iridium oxide1. Introduction
Mixed metal oxide coatings on titanium plates are widely
used as anodes in a variety of electrochemical processes like
chlorine generation in the chlor-alkali industry, oxygen
production, electrowinning of metals and cathodic protection
[1–4]. Application of materials with high conductivity and long
term stability in electrochemical environments is considered as one
of the main goals of electrochemical cell engineering [4–6]. Noble
metal oxides such as RuO2 and IrO2 with high conductivity
and electrochemical activity have received considerable atten-
tion in the electrochemical industry as electro-catalyst [7–9].
For further improvement in stability of these oxides other/10.1016/j.pnsc.2014.03.008
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nder responsibility of Chinese Materials Research Society.oxides like TiO2, Ta2O5 and ZrO2 are added to these active
oxides [10–15].
Anodic evolution of chlorine and oxygen are the most
important reactions in the application of these materials.
Oxygen evolution reaction is the most important reaction in
some electrochemical processes such as water electrolysis,
metal electrowinning and cathodic protection [2–4]. In addi-
tion, this reaction is an unavoidable reaction that can proceed
in many anodic processes. RuO2 based coatings like pure
RuO2 and RuO2–TiO2 are very stable for chlorine evolution
reaction. However, they are unstable for anodic oxygen
evolution reaction and undergo heavy corrosion in acidic
media [12]. IrO2 is more stable for oxygen evolution reaction
but it has a lower electro-catalytic activity for oxygen evolu-
tion. Thus mixed compound of IrO2 and RuO2 can be an
appropriate electro-catalyst for oxygen revolution due to
advantageous properties of both oxides.
Mixing two or more different oxides can inﬂuence the electro-
catalytic properties of oxides by changing microstructure, surface
composition and morphology of electrocatalyst components
[3,16–19]. In addition, the surface composition, morphologyElsevier B.V. All rights reserved.
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and can be inﬂuenced by preparation factors and amounts of active
oxides [11,20–23]. To clarify the effect of mixing of different
components and to improve the electrochemical properties of
mixed oxides electrodes, a systematic study should be done on the
electro-catalytic activity of the mixed oxides.
In this study, a systematic study was carried out to ﬁnd the
effects of IrO2 addition on the electro-catalytic activity and
stability of RuO2þTiO2 oxide coatings for oxygen evolution
in acidic media. Nano-crystalline IrxRu(0.6x)Ti0.4O2 coatings
on Ti substrate were deposited by thermal decomposition of a
mixture of chloride solutions.
Microstructure and morphology of the oxide electrodes were
investigated by employing scanning electron microscopy
(SEM), Field emission scanning electron microscopy (FE-
SEM) and X-ray diffraction (XRD). Cyclic voltammetry can
be used as a good technique for measuring voltammetry charge
and surface properties of the oxides [24,25]. Cyclic voltam-
metry measurements were also performed on the prepared
mixed oxide coatings to examine their electrochemically active
surface area (EASA).
Variations in electro-catalytic activity, i.e., the rate of
oxygen evolution, as a result of change in composition were
investigated by anodic polarization measurements. The anode
service life and coating stability were evaluated by accelerated
life test (ALT) [14,26], which involves the accelerated
electrolysis of acidic solution at constant high current density.
The end of anode service life, i.e., the loss of electro-catalytic
activity, is recognized as a sudden increase in the potential.
2. Material and methods
2.1. Preparation of the mixed oxide electrodes
Irx Ru(0.6x)Ti0.4O2 (x=0, 0.1, 0.2, 0.3) ﬁlms with different
molar ratios were prepared by thermal decomposition of
chloride precursor mixtures. Homogeneous precursors with
sufﬁcient amounts of substances were prepared by mixing a
solution of IrCl3  3H2O (53% Ir, Ruiyuan Group Ltd), RuCl3 
xH2O (37%Ru, Ruiyuan Group Ltd) and TiCl3 (15% TiCl3 in
10% HCl, Merck Germany). First, titanium substrates
(10 10 0.6 mm3) were roughed with silicon carbide paper,
washed with distilled water and etched in 15% boiling oxalic
acid solution and then they were rinsed with distilled water.
Precursor mixtures were applied by a brush on both faces of
the pretreated Ti substrates. After drying the coated electrodes
at 80 1C for 10 min to evaporate the solvent, then they were
heat treated at 450 1C for 10 min. This procedure was repeated
several times until appropriate oxide ﬁlm thickness was
obtained. Finally, the coated electrodes were heat treated at
the same temperature for 1 h. The oxide loading was about
2 mg cm2 with the average thickness of 2 mm.
2.2. Electrochemical measurements
All the electrochemical measurements were done in a standard
electrochemical cell equipped with a Pt plate as a counterelectrodeand standard hydrogen electrode as a reference electrode. Prepared
mixed oxide electrode as working electrode was mounted in a
Teﬂon holder with a working area of 1 cm2. Cyclic voltammetry
measurements were performed at scan rates of 10–200 mV s1
between the potentials of 0–1.4 V versus SHE to examine the
electrochemically active surface area (EASA). The charge qn was
calculated by integration over the voltammogram. Potentiodynamic
polarization measurements were carried out with a scan rate of
5 mV min1.
All experiments were conducted at room temperature. The
electrochemical tests were carried out using EG & G Model
273A. 0.5 M H2SO4 solution was used as the electrolyte.
Before each experiment, the electrolyte was de-aerated by N2
gas. All solutions were prepared with pure and deionized water
obtained from a Millipore Direct-Q3 water puriﬁcation system.
The accelerated life test (ALT) was done galvanostatically in
3 M H2SO4 solution, at temperature 25 1C and constant current
density of 2 A cm2. The variation of potentials versus time (E
versus t) curve was recorded simultaneously during the test.
2.3. Microstructure characterization
The microstructure and morphology of coated electrodes
were evaluated by a CamScanMV2300 Oxford Scanning
Electron Microscope equipped with an energy-dispersive
X-ray spectroscopy (EDS) system. The morphology of coat-
ings was studied in high magniﬁcations via Field Emission
Scaning Electron Microscopy (FE-SEM) by a Hitachi S-4160
Microscope.
X-ray diffraction studies were carried out using a Philips X
Pert-Pro instrument operated at 40 kV and 30 mA with CuKα
radiation (λ=1.5406 Å). The sample was analyzed by varying
the 2θ angle from 201 to 601 with steps of 0.031. Rietveld
analysis of the data was performed using X’pert High Score
software.
3. Results and discussion
3.1. Morphology and structure of the coatings
Fig. 1 shows SEM images for the surface of coated samples.
It was found that all the coated anodes had cracked-mud
structures with ﬂat areas. The cracks are probably formed
during the stage of solvent evaporation.
FE-SEM images for IrxRu0.6xTi0.4O2 coated electrodes at
different magniﬁcations show that ﬂat parts consist of needle-
like crystallites. Fig. 2 shows FE-SEM images for Ir0.2Ru0.4-
Ti0.4O2 coated electrodes. At high magniﬁcation, the needle-
like crystallites grown on ﬂat areas were seen as prismatic
columnar crystallites with the diameter of 30–40 nm, as shown
in Fig. 2b. Even cracked area consisted of small connected
particles.
XRD patterns for the coated electrodes are shown in Fig. 3.
In addition to peaks originated from Ti substrate, a set of broad
and nearly symmetrical peaks corresponding to the rutile
structure was also found. The detectable peaks of (110),
(101), (200), and (211) reﬂections can be observed in XRD
Fig. 1. SEM images of coated anodes: (a) Ru0.6Ti0.4O2 (b) Ir0.1Ru0.5Ti0.4O2 and (c) Ir0.3Ru0.3Ti0.4O2.
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solid solution of IrO2, RuO2 and TiO2 with rutile-type
structures. Since the ionic radii of Ru4þ (0.076 nm), Ir4þ
(0.077 nm) and Ti4þ (0.075 nm) are very similar and the
crystal structure of each oxide is the same (rutile-type),
according to Hume–Rothery theory this ternary oxide system
can form a solid solution [27,28]. Roginskaya et al. [29]
showed that titanium and ruthenium oxide can form metastable
solid solution. The crystallite size was also determined from
the Rietveld analysis and it was found to vary between 15 nm
and 35 nm as shown in Fig. 4.
3.2. Electrochemical characterization
3.2.1. Cyclic voltammetry measurements
Cyclic voltammetry measurements were performed in order
to study the nature of prepared electrodes. Fig. 5 shows the cyclic
voltammograms for the Ru0.6Ti0.4O2 and Ir0.3Ru0.3Ti0.4O2 anodes
in 0.5 M H2SO4. The shape of cyclic voltammogram forIr0.3Ru0.3Ti0.4O2 is different from that measured for
Ru0.6Ti0.4O2 and it shows how replacing Ru by Ir can change
the cyclic voltammetry behavior. Peaks for Ru0.6Ti0.4O2 coat-
ing are seen at around 0.6 VSHE while for Ir0.3Ru0.3Ti0.4O2
broad peak is located at around 1.0 VSHE.
The voltammograms show peudo-capacitance behavior. The
oxidation state of ruthenium and iridium changes during the
potential scan. This solid-state surface redox transition coupled
with proton transfer gives rise to pseudo-capacitance behavior and
featured curves with current peaks. General proton exchange
reaction can be considered according to the following equation:
MOxðOHÞyþδHþ þδe2MOx δðOHÞyþ δ ð1Þ
where M stands for Ru or Ir. Several redox transitions of M
take part in the reaction. Voltammetric charge recorded in a
potential range where gas is not evolved can be used to
estimate electrochemically active surface area [24,30]. A broad
peak at around 0.6 VSHE for Ru0.6Ti0.4O2 coatings may be
related to Ru(III)/Ru(IV) [31,32]. Mixed oxide that contains
Fig. 2. FE-SEM images at various magniﬁcations of Ir0.2Ru0.4Ti0.4O2 coatings
(a) ﬂat and cracked zone (b) needle-like crystallites in ﬂat area and (c)
agglomerated small particles in cracked area.
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Fig. 3. X-ray diffraction patterns of prepared coatings: (a) Ru0.6Ti0.4O2,
(b) Ir0.1Ru0.5Ti0.4O2, (c) Ir0.2Ru0.4Ti0.4O2 and (d) Ir0.3 Ru0.3Ti0.4O2, ▼
Rutile, ● Ti.
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Fig. 4. Average crystallite size determined from the Rietveld method for
different oxide compositions.
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voltammetric behavior. Comparison of voltammograms for
Ir0.3Ru0.3Ti0.4O2 coatings indicates that replacing Ru by Ir has
shifted the peak position to 1.0 VSHE. This shift can be
attributed to the formation of a common valence band with
iridium oxide [12].
The voltammetric charge decreases with increasing potential
scan rate υ. The effect of potential scan rate, υ on voltammetric
charge, qn is attributed to diffusion of protons through innersurface that happens during reversible redox transitions. Then
the total charge, qntot related to electrochemically active surface
area (EASA) can be separated into two components: (1) qnout,
related to outer and more accessible parts of the surface in the
electrolyte and (2) qnin, related to inner and less accessible parts
of the surface such as pores, cracks and grain boundaries.
Ardizzone et al. [24] discussed an approach to obtain the outer
and inner charges by extrapolation procedure. In a very low
sweep rate, the inner part of the oxide surface can take part in
reaction with electrolyte. The total charge was found by
plotting 1=qn versus
ﬃﬃ
υ
p
and extrapolating it to zero (υ-0).
In a high sweep rate, the outer parts of oxide can expose
directly to electrolyte. The outer charge was obtained by
plotting the integrated charge, qn versus the inverse of the
square root of the sweep rate, 1=
ﬃﬃ
υ
p
and extrapolating that to
zero (υ-1). The inner charge can be obtained from the
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qntot ¼ qninþqnout ð2Þ
Fig. 6 shows examples of extrapolation procedures and the
obtained linear plots over the entire range of potential
scan rate.1.3
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Fig. 7. Polarization curves of IrxRu0.6xTi0.4O2 coated anodes, scan rates
5 mV s1 in 0.5 M H2SO4.3.2.2. Anodic polarization measurements
The Oxygen Evolution Reaction (OER) on the oxide
surfaces was investigated by polarization measurements
recorded with a sweep rate of 5 mV min1. Fig. 7 shows the
polarization curves for the prepared anodes with different
compositions in 0.5 M H2SO4 solution.
It was found that voltammetric charge which is related to
electrochemically active surface area can change with the
surface morphology [20,31,33]. Therefore, the roughness
factors of electrodes can inﬂuence electro-catalytic activity.
In order to study the true electro-catalytic activity and
eliminate the roughness factor effects, the measured currents
in the polarization measurements were normalized with respect
to outer charge [34,35]. This gives a measure for the electro-
catalytic activity per unit active surface area.Uncompensated ohmic resistance drops (jR) for polarization
curves were estimated and corrected according to the method
described in previous works [36,37]. The comparison of results
shows that the rate of the OER is highest for Ru0.6Ti0.4O2
coatings and it reduces by replacing Ru by Ir.
From a practical point in the electrochemical industry and
cathodic protection systems, it is important to consider the
energy consumption to evaluate the efﬁciency of any anode for
oxygen evolution reaction (OER). In an electrochemical cell,
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Fig. 8. Oxygen evolution potential at j¼¼0.6 mA C1 for IrxRu0.6xTi0.4O2
in 0.5 M H2SO4 as a function of oxide composition.
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potential difference applied to the cell and the current passing
across the cell [3].
In this work, the potentials for oxygen evolution reaction at
a constant charge-normalized current 0.6 mA C1 are obtained
from jR-corrected and charge-normalized polarization curves.
The results as a function of Ir composition are shown in Fig. 8.
The potential at a normalized current density increases with
increasing IrO2 content in the mixed oxide electro-catalytic
coatings. Similar behavior has been reported for ruthenium–
iridium metallic alloys [38].
Kotz et al. [39] proposed a cyclic pathway for oxygen
evolution on RuO2 as follows:
RuO2ðOHÞ2 RuO3ðOHÞ þHþ þe ð3Þ
RuO3ðOHÞ2RuO4þHþ þe ð4Þ
RuO4þH2O2RuO2ðOHÞ2þ1=2 O2 ð5Þ
RuO4 can corrode (either into the gas phase or into solution)
or it can dissociate into oxygen and RuO2(OH)2. Stability of
RuO2(OH)2 is an indication of which situation will take place.
A change in color of the electrolyte was also observed. This
coloration may be due to the formation of RuO4 or H2RuO5 as
a corrosion product [39].
A similar mechanism was also suggested for oxygen
evolution reaction on IrO2 [40,41]as follows:
IrðOHÞ32IrO ðOHÞ2þHþ þe ð6Þ
IrOðOHÞ2 IrO2ðOHÞþHþ þe ð7Þ
IrO2ðOHÞ2IrO3þHþ þe ð8Þ
IrO3þH2O21=2O2þ IrOðOHÞ2 ð9aÞ
Alternatively, IrO3 can dissociate into the electrolyte as
IrO24 according to
IrO3þH2O-IrO24 þ2Hþ ð9bÞ
Formation of soluble IrO24 needs higher potential and it
can cause high stability of iridium oxide for oxygen evolution
reaction [42].However, synergetic effect in a solid solution alloy can
affect the mechanism for oxygen evolution reaction [38]. It
was proposed that formation of a common valence band in the
presence of metallic iridium can inhibit the formation of
intermediate RuO4 in IrxRu1x alloys [38]. Suppression of
RuO4 formation means lower activity of Ru sites for O2
evolution reaction. Decrease in performance of Ru0.6Ti0.4O2
with addition of IrO2 may be explained by this synergetic
effect and formation of a common valence band between
active oxides.
3.3. Stability test
In spite of the efﬁciency of an electrode for gas evolution,
chemical and electrochemical stability of the electrode in the
corrosive environment is another important factor that must be
considered for performance of the coated anodes. In this study,
this factor was investigated by accelerated life test of coated
anodes as described in Section 2.2.
Results for accelerated life-test registered under galvano-
static conditions are shown in Fig. 9. Ru0.6Ti0.4O2 anodes
showed constant potential at about 3 V in 3 M H2SO4 solution
for 120 min. After that time, anode voltage increased very
quickly and became more than 6 V. The potential for Ir0.1
Ru0.5Ti0.4O2 anode was almost constant at around 3 V and
ﬁnally increased above 6 V after 190 min. This indicates that
the addition of IrO2 can improve the stability of the electrode
in acid solution with oxygen evolution reaction. For Ir0.2Ru0.4-
Ti0.4O2 and Ir0.3Ru0.3Ti0.4O2 anodes, the times for failure of
the anodes were longer than Ir0.1Ru0.5Ti0.4O2 anode. The
results indicated an increase in stability by replacing more of
RuO2 by IrO2 in the coatings.
Anodes failure may be due to several mechanisms that are
suggested in the literatures [42–44]:1) Erosion of electrode and mechanical damage as a result of
bubble production at the external pores of oxide.2) Electrochemical oxidation of active oxide can cause con-
sumption of electro-catalytic components as discussed in
Section 3.2.2. Production of corrosion products like RuO4
Fig.
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evolution on ruthenium oxide can play a main role in
deactivation of electro-catalytic activity of RuO2
based oxide.3)Table 1
Coating composition of the sample Ru0.6Ti0.4O2 before and after the
accelerated life test (atomic percent).
Sample Compositions
Ru Ti
Before ALT 49.81 50.19
After ALT 5.98 94.02Formation of non-conducting TiO2 layer at the interface of
Ti substrate and electro-catalyst.
Consumption of the oxide layer can cause penetration of
oxidizing agents into the metallic Ti substrate and formation of
non-conducting TiO2 ﬁlm during electrolysis. This anodically
grown interlayer plays a main role in the ﬁnal stages of
deactivation process.
The morphologies of the sample Ru0.6Ti0.4O2 after the
accelerated life test are shown in Fig. 10. The deactivated
anode presents a signiﬁcant change of surface morphology.
Most of the cracked areas have been disappeared and detach-
ment of coating is visible in some areas. The surface
composition of sample Ru0.6Ti0.4O2 analyzed by EDX is given
in Table 1. Before ALT, EDX results of sample show higher Ti
content than nominal composition considered in the precursor.
It can be related to Ti signals that come from substrate where
X-ray can penetrate through thin ﬁlm. But remarkable increase
in Ti content implies thinning of coating as a result of
electrolysis. The EDX analysis represents remained quantity
of electro-catalyst oxide (12 at%). The presence of active
RuO2 electro catalyst indicates that complete deactivation of
anode cannot be attributed only on dissolution of active
catalyst. Probably the passivation of substrate and growth of
insulating layer of TiO2 can dominate the deactivation
mechanism in the ﬁnal stages.
The results showed that the stability of Ru0.6Ti0.4O2 was
considerably improved by small addition of IrO2. This means
that corrosion of ruthenium oxide is signiﬁcantly inhibited by
Iridium oxide admixture.
The addition of IrO2 improved the stability of RuO2 coated
anode; however, this improvement was obtained at the expense
of lower activity for oxygen evolution reaction. As discussed10. SEM micrographs of sample Ru0.6Ti0.4O2 after accelerated life test with din Section 3.2.2, the loss in electro-catalytic activity for oxygen
evolution was shown by an increase in potential for O2
evolution.
As mentioned in Section 3.2.2, it seems that a decrease in
O2 evolution rate and corrosion rate can occur if the formation
of RuO4 as a most common reaction intermediate is inhibited.
This indicates that admixture of Ir in mixed oxide may
predominate the gas evolution mechanism.
In an investigation on the valence band spectra of IrO2 and
RuO2 pure oxides, Kotz and Stucki [12] showed that oxygen
demonstrates higher afﬁnity for Ru than that for Ir. They
proposed that the formation of a common band between Ir and
Ru in the presence of IrO2 can make further oxidation of RuO2
to become more difﬁcult. This implies a shift toward more
anodic oxidation potential.
For Ir0.1Ru0.5Ti0.4O2 coated anodes an increase in potential
after initial constant potential region may be attributed to
elimination of external porous part of the active layer. An
exponential increase in potential is an indication that potential
increase rate changes considerably. This behavior may be
attributed to insufﬁcient amount of electro-catalyst that can no
longer sustain the low potential like as shown in initial stages.
Although admixture of Ir could improve the stability, however,
the formation of IrO24 at the potential more than 2 V versus
SHE can promote corrosion of IrO2 [42]. Therefore, an
exponential increase in potential during the electrolysis process
accelerates the deactivation. Finally, a sudden increase inifferent magniﬁcations: (a) low magniﬁcation and (b) high magniﬁcation.
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and anodically grown TiO2 interlayer demonstrates the begin-
ning of anode deactivation.
4. Conclusions
Based on the results obtained from this research the
following conclusion can be drawn:
Ternary mixed oxide coated anodes with nominal composi-
tions IrxRu0.6xTi0.4O2 were synthesized. Effects of iridium
oxide addition on the electrochemical activity and stability of
RuO2 based mixed oxide anodes were investigated. Addition
of iridium oxide changed the cyclic voltammetry behavior of
ruthenium based oxide. This may be attributed to the formation
of a solid solution of oxides. Accelerated life tests showed that
small addition of iridium oxide (10 mol%) can improve the
stability of RuO2 based oxide anodes in harsh corrosive conditions.
However, the improvement in stability reduced the electro-catalytic
activity for oxygen evolution reaction. This may be attributed to
synergetic interaction between mixed oxides, where O2 evolution
mechanisms can no longer be determined by active ruthenium sites
but rather by iridium sites.
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